Light-sheet fluorescence microscopy (LSFM) is an optical sectioning technique capable of rapid three-dimensional (3D) imaging of a wide range of specimens with reduced phototoxicity and superior background rejection. However, traditional light-sheet generation approaches based on elliptical or circular Gaussian beams suffer an inherent trade-off between light-sheet thickness and area over which this thickness is preserved. Recently, an increase in light-sheet uniformity was demonstrated using rapid biaxial Gaussian beam scanning along the lateral and beam propagation directions. Here we apply a similar scanning concept to an elliptical beam generated by a cylindrical lens. In this case, only z-scanning of the elliptical beam is required and hence experimental implementation of the setup can be simplified. We introduce a simple dimensionless uniformity statistic to better characterize scanned light-sheets and experimentally demonstrate custom tailored uniformities up to a factor of 5 higher than those of unscanned elliptical beams. This technique offers a straightforward way to generate and characterize a custom illumination profile that provides enhanced utilization of the detector dynamic range and field of view, opening the door to faster and more efficient 2D and 3D imaging.
| I N T R O D U C T I O N
In the quest for an optical technique capable of characterizing dynamic 3D biological systems, light-sheet fluorescence microscopy (LSFM) is particularly well positioned due to its unique combination of highparallelization, optical sectioning capability and minimal phototoxicity (Huisken and Stainier, 2009; Huisken et al., 2004; Keller et al., 2008; Truon et al., 2011) . Such characteristics are the result of the particular layout of a traditional LSFM setup: excitation, in the form of a thin sheet of light, is performed parallel to the imaging plane (Greger et al., 2007) . In this way, a thin section of a 3D sample can be captured in a single camera frame with the axial imaging performance primarily limited by the characteristics of the light-sheet. In particular, the thickness of the light-sheet determines the optical sectioning capabilities of the system, whereas the area over which a suitable thickness is maintained limits the usable field of view. Ideally, one would like to generate lightsheets as thin as possible over the entire field of view of the imaging objective. The most common conventional LSFM approaches include selective plane illumination microscopy (SPIM) (Huisken et al., 2004) and digital scanned laser light-sheet fluorescence microscopy (DSLM) (Keller et al., 2008) . Both methods suffer an inherent trade-off between light-sheet thickness and uniformity analogous to the decrease in depth of focus for a large numerical aperture lens. One way to alleviate this problem is to use non-traditional beam shapes. In particular, the use of the diffraction-free beams including Bessel beams (Fahrback et al., 2010 (Fahrback et al., , 2012 Planchon et al., 2011) , sectioned Bessel beams (Fahrbach et al., 2013) , Airy beams (Vettenburg et al., 2014) , or optical lattices (Chet et al., 2014) , enables extended uniformity without significantly sacrificing thickness and improving spatiotemporal resolution. Such an improvement, however, comes at the cost of a more complex optical design that may require significant post-acquisition analysis. Alternatively, it has been recently demonstrated that a Gaussian beam rapidly scanned biaxially (along the y and z axes-see Figure 1 ) results in significant uniformity enhancement with minimal loss in light-sheet thickness (Dean and Fiolka, 2014; Dean et al., 2015; Zong et al., 2015) . In this case, a circular Gaussian beam is laterally scanned (y axis) to generate Generally, one axis must scan at a far higher rate than the other and some care must be taken to avoid patterned illumination that does not fully cover space (e.g., Lissajous figures). In addition, to reconstruct a complete volumetric image, translation of the light-sheet relative to the sample is still needed so that scanning in three directions of space is still required.
Here, we apply the concept of z axis scanning using a variable focus optic to improve the uniformity of a light-sheet generated in a SPIM setup. Because of the sheet-like nature of the beam produced by a cylindrical lens, this approach requires one fewer scan directions than DSLM and, hence, offers advantages in imaging speed and simplicity of setup. In addition, the possibility to use lower intensities in SPIM compared to the high local intensities of DSLM can also be beneficial in terms of photobleaching and phototoxicity. To better standardize the measure of uniformity we develop a statistic that informs the fractional improvement in uniformity relative to the un-scanned beam. Using this new statistic, we present the results of a paraxial simulation that assesses the relative increase in uniformity created by z-scanning of an elliptical and circular Gaussian beam. The scanning approach is experimentally validated by imaging fluorescent beads. Our experiments demonstrate that the uniformity of axially scanned elliptical beams can be more than a factor of 5 larger than traditional un-scanned elliptical light-sheets.
| MATERIALS A ND METHODS

| Light-sheet uniformity
We start by defining a statistic to evaluate the uniformity of a lightsheet along its principal axis generated by axially scanning a Gaussian beam. Notably, in the case of a circular Gaussian beam, the ratio of the axial beam extent as characterized by the Rayleigh range Z R (where the thickness is a factor of ffiffiffi 2 p larger than the beam waist) to the beam waist x 0x provides a first indication of the beam uniformity. Ideally, one would like this ratio to be as large as possible before lateral scanning (y-axis) to produce a light-sheet. However, for a standard Gaussian beam under the paraxial approximation (low NA objectives, NA < 0.5, are typically used in LSFM) this ratio is fixed and given by (Appendix):
Note that, for a light-sheet generated by uniform lateral (y-axis)
scanning of a Gaussian beam, Equation 1 is still valid with x 0x being the minimum light-sheet thickness in the center of the light sheet which would be used for imaging. In the case of an elliptical beam generated by a cylindrical lens (no lateral scanning required), Equation 1 also holds with the caveat that at the Rayleigh range the intensity is only reduced by ffiffiffi 2 p below the intensity at the focus (Appendix).
The linear decrease of the ratio Z R =x 0x with NA described in Equation 1 constitutes a fundamental feature of traditional light-sheets:
choosing high NA optics that maximize optical sectioning (minimize x 0x ) leads to a significant limitation of the usable, uniformly illuminated area of the camera field of view; choosing low NA optics that maximize axial extent leads to thick light sheets. However, in the case of either axially scanned elliptical or circular beams, the time-averaged shape of the beam no longer retains a Gaussian cross-section along the x-axis. In this case, x 0x no longer clearly represents the light-sheet thickness.
Consequently, the restriction imposed by Equation 1 does not strictly apply to the time-averaged beam. One way to address the nonGaussian cross-section and avoid the bias of a Gaussian-based statistic is to instead consider the full width at half maximum (FWHM), which can be ubiquitously measured but is still directly proportional to x 0x in the case of an unscanned Gaussian beam. With this in mind, we define a uniformity statistic U suitable for both scanned and un-scanned beams as:
where the FWHM is related to x 0x through the equation FWHM5
x o ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2 ln ð2Þ p 1:18x 0x . As defined, the value of U will be identically one for an un-scanned light-sheet of any numerical aperture NA. For other beam shapes, such as the axially scanned elliptical beams presented in this manuscript, we expect a smooth transition to a different value of U that represents the fractional change in uniformity relative to an un-scanned beam.
| Simulations
A that is typically much slower than the z-scanning to prevent the introduction of undesired spatial structure. Under these conditions, the analysis presented herein is unaffected by y-scanning.
To illustrate the difference between an axial unscanned and scanned light-sheet generated in a DSLM approach (circular Gaussian beam-y-scanning implied), Figure 2a shows the xz-plane intensity profiles of two light-sheets with identical axial extent. In this case, the intensity distribution of a z-scanned light-sheet focused through a 0.25 NA objective is calculated for an axial scanning range of 25 mm and compared to unscanned light-sheet of different NA that exhibits the same confocal parameter (see Equation 1 ). Notably, the z-scanned light-sheet presents a smaller thickness than the un-scanned one (Figure 2c) . In this case, the light-sheet thickness generated with z-scanning is a factor of 1.7 thinner than without axial scanning (1.0 mm vs.
mm).
In addition, there is a marked flattening of the intensity profile along the axial direction within the region defined by the confocal FIG URE 2 Simulation of the paraxial focusing characteristics of light-sheets generated using different methods. Colormap intensity crosssections (XZ plane) of light-sheets generated with (bottom) and without (top) axial scanning of (a) a circular DSLM-style beam and (d) an elliptical SPIM-style beam. The cross-sections corresponding to z-scanning are calculated for an objective lens with a numerical aperture of 0.25 and a scanning range of 25 mm. In the absence of z-scanning, the cross-section is calculated using a different numerical aperture objective (NA 5 0.09) that results in the same confocal parameter as the scanning counterpart. The corresponding intensity profiles along the z and x directions for circular (b,c) and elliptical (e,f) beams demonstrate a flattened profile within the scan range. The confocal parameter is delimited by dashed lines. [Color figure can be viewed at wileyonlinelibrary.com]
parameter (Figure 2b ). This is in contrast to an un-scanned light-sheet, in which the intensity undergoes a Lorentzian decrease off-focus.
A similar analysis for the case of z-scanning using elliptical beams (SPIM approach) is presented in Figure 2d . Interestingly, although the same trends as for the circular beams are observed, in this case z-scan- for maximal light-sheet uniformity, the paraxial approximation used in our simulations no longer applies so that our aberration-free model cannot predict the behavior of high NA objectives. Note that if the scan range is further increased, the statistic U indicates a significant increase in uniformity for both circular and elliptical beams even for lower NA systems. In other words, the trends observed in Figure 2 , where z-scanned light-sheets are thinner than the un-scanned counterparts with identical confocal parameter, will also hold true for low NA systems provided a sufficient scanning range is used (on the order of the confocal parameter of the beam prior to z-scanning). However, there are competing factors that limit the benefit of an extended scan.
Increased scan length requires increased scan speed to maintain uniform illumination during a single frame capture. In addition, extending the scan length will reduce the illumination intensity per unit distance along the scan axis potentially leading to a reduction in the image signal to noise ratio. Lastly, there may be an upper limit to the desired lightsheet thickness for a given NA objective that would limit the scanning range (Appendix, Figure A2 ).
| Experimental setup
Our simulations show that z-scanning in DSLM or SPIM enables improved optical sectioning capabilities with respect to traditional unscanned light-sheets. In addition, there is the implied ability to tailor a light-sheet thickness profile by simply changing the z-scanning range without the need to change optics or modify the system numerical aperture. While the improved uniformity has been demonstrated in the DSLM configuration (Dean and Fiolka, 2014; Dean et al., 2015; Zong et al., 2015) , to experimentally evaluate the optical properties of a scanned elliptical light-sheet, we construct a standard SPIM system as described in Figure 4 . A Spectra Physics ArKr gas laser operating at 488 nm is used for excitation in all experiments. Light-sheet generation is carried out by an achromatic cylindrical lens (Thorlabs ACY254- 
| R E S U L T S
The general effect of z-scanning an elliptical light-sheet in our instrument is shown qualitatively in Figure 5a ,b. In this case, the cylindrical lens is rotated 908 with respect to the regular configuration for SPIM in order to capture the xz plane where the light-sheet is thinnest. Here The image acquired without scanning ( Figure 5c ) shows a low concentration of bright beads in the center that progressively increases in density and decreases in intensity moving away from the center. In fact, the beads located at the image edges are near the detection limit of the camera while the few beads in the center of the field are near or above the saturation limit. In contrast, the image acquired with a zscanned light-sheet (Figure 5d ) presents a uniform concentration of beads with a much smaller spread in intensity across the entire camera field of view. Qualitatively, both the decrease in central bead intensity and increase in the concentration of beads toward the image edges are consistent with the expected light-sheet uniformity increase.
A more rigorous quantification of the z-scanned light-sheet is presented in Figure 6 . Here, we use the aforementioned mechanical transla- FWHM increases to a value of 3.1 mm and the confocal parameter increases more than a factor of 2 to 137 mm. The corresponding uniformity U increases to 1.6. Therefore, the beam uniformity extends by 60%. This is also in reasonable agreement with the behavior predicted (U pred 1.4) by the simulations presented in Figure 3d .
To further assess the validity of our approach, we use Zemax (v12, Radiant Zemax, LLC) to model our experimental setup and simulate the sinusoidal axial scanning conditions. We use an optical model for our cylindrical lens (www.thorlabs.com) coupled to a model for a diffraction-limited spherical lens doublet with an NA matched to our proprietary (i.e. no model available) Nikon objective. Note that due to sample inhomogeneity and scatter we restrict our comparison between measurement and theory to a mostly qualitative assessment. The Zemax model is characterized by a single parameter (central intensity of the un-scanned beam) and yields an unscanned profile similar to our experimental setup (solid lines Figure 6 ). Importantly, the relative intensity decrease at z 5 0 and the primary illumination profile characteristics appear well modeled. The model does not do as well far from the central focus (right and left side of plots in Figure 6 ). The discrepancy is attributed to the observable light scatter within the medium (Lavagnino et al., 2013) . As discussed previously, the sinusoidal axial modulation should result in higher intensities and thinner light-sheets at the ends of the scanning range due to the longer dwell times of the scanned light-sheet at these positions (Duocastella and Arnold, 2013) . To more clearly demonstrate the effect, we increase the scan range to 240 mm and again measure the intensity profile so that the predicted effect becomes clear (Appendix, Figure A1 ). In principle, by using pulsed illumination synchronized with the TAG lens oscillation this effect can be augmented as desired. However, one may also consider this effect advantageous: the lens driving amplitude can be used to control the dwell time of the beam waist at particular locations and hence the resulting light-sheet thickness at that location. Such tuning may provide for better imaging in a heterogeneous sample where certain features benefit from additional imaging clarity.
Finally, it is interesting to discuss the benefit of z-scanned light sheet in terms of detection efficiency. In general, wide field imaging is both faster and more convenient than a scanned point detector.
Nevertheless, all light detection schemes are subject to detector limitations such as the dynamic range and level of digitization. To fully leverage a given image, sufficient signal-to-noise and a lack of pixel saturation must exist throughout the captured scene to enable analysis.
The traditional light-sheet intensity profile tapers by a significant amount over the field of view such that the abbreviated axial range limits the performance of the instrument. As a result, some of the dynamic range of the detection system will be used to accommodate this illumination variation, potentially sacrificing some sensitivity to relevant features within a captured image. While there is indeed a loss of depth resolution associated with the thicker light-sheet presented by axial scanning, when compared to an un-scanned beam the uniformity of the illumination over a larger field may be overall advantageous for some applications. In the main text, we briefly discuss the implications of nonuniformly scanning a cylindrical light-sheet (see Experimental Demonstration). The predicted effects are more clearly demonstrated here ( Figure A1 ) by increasing the amplitude of the sinusoidal modulation shown in Figure 6 . Once again, the measured change in thickness and uniformity qualitatively mirror the Zemax model.
| DISCUSSION
If the NA of the focusing objective is fixed, axial scanning always results in both an increase in light-sheet uniformity and thickness. While it will often be prudent to select the NA of the focusing object based on the desired field of view, it may also be useful to consider how the light-sheet thickness changes as a function of the objective NA for various axial scan lengths where the confocal parameter is not constrained ( Figure A2 ).
